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ABSTRACT 

A survey of developments in the field of crack 
propagation and an experimental investigation of the 
strain distribution around fatigue cracks in flat 
aluminum sheets was conducted by Lt, E. B. Tucker, USN, 
at the Aeronautical Engineering Department of the U. S. 
Naval Postgraduate School, Monterey, California. Crack 
propagation was produced by constant stress reverse 
bending. Crack propagation rates were determined for 
both central and edge cracks. The nature of the 
geometry in the thickness direction around the crack tip 
was described and analyzed with the aid of Newton's 
Interference Fringes. A possible adaption of the method 
with the birefringent coating technique is suggested for 
further study. 
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INTRODUCTION 

Prior to the last fifteen years, details of the 
behavior of fatigue cracks in metal structures received 
little attention. Fatigue cracks had been observed in 
machinery resulting in design trends over the years favoring 
heavier, stronger structures to ensure longer life under 
expected working loads. The loads considered were based on 
the primary endurance limit of the material determined from 
laboratory specimens. Calculation of maximum allowable 
loads was possible for simple structures, but complicated 
assemblies with many joints presented a difficult task of 
analysis, especially if there was doubt as to the exact 
value of the applied loads, 

Fatigue cracks continued to form in structures that 
had been very meticulously designed and analyzed. The 
first attempt to resolve this problem was the concept of a 
stress concentration factor. The stress concentration 
factor was an empirical quantity assigned to geometric 
discontinuities such as rivet holes, welded joints, or 
notches of the structure, Designs under this concept 
distributed more of the bulk of the structure to the areas 
where the stress concentrations were considered present. 

Early in the 1950's, a series of catastrophic fatigue 
failures of the deHavilland Comet aircraft motivated 
scientists around the world to take a long, hard look into 
the cause and nature of the failures, Little attention had 
been paid to the concept of fatigue under alternating loads 


when the airplane structure was designed. As a result, the 


J 7 
7 oO 
a 
a 
a _—= ; 
- - 
7 - 
] 





structure failed in flight at a point where the strength 
had been reduced by fatigue cracks, 

One metal used for construction of the Comet was a new 
aluminum alloy. This alloy and others had been developed 
for applications where high strength and light weight were 
requirements such as the rapidly expanding aeronautical 
industry. However, little was known about its fatigue 
strength characteristics. This metal was determined to 
have failed in flight due to fatigue cracking. 

A wide range of investigations was started, primary 
emphasis was on an attempt to develop theoretical expressions 
for the concentration of stress and the propagation of 
cracks in thin sheet material. 

The measurement methods used for these investigations 
included mechanical strain gages, electrical strain gages, 
use of birefringent coatings, and plastic models illuminated 
with polarized light. Considerable information was gathered 
for material in the elastic range. Few experiments were 
conducted in the plastic range of the material because the 
measuring equipment available was not suitable for taking 
data in the plastic region, 

During the past year, improvement in the quality of 
birefringent coatings has allowed investigation in the 
plastic range of some metals. Since a photostress coating 
provides information on strain components only in the plane 
of the specimen, a separate method must be used to measure 


thickness direction strains. 
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The technique of using Newton interference fringes is & 
recent development in measuring thickness direction strains, 
The interference fringe method used for experimental opeert= 
ation presented in this paper has the capability of detecting 
very small strains in @ plastic region as well as around a 
discontinuity, such as a crack, Other strain devices are 
unsuitable for use around a crack, Gages that must be 
attached to the material will not work on a cracked surface 
and even the new birefringent coatings will not give accurate 
data at the crack, At present, the interference fringe 
method appears worthy of further investigation. 

In Part I, a general survey of the contributions made 
by various investigators is presented to familiarize the 
reader with the current state of developments in the search 
for an accurate description of the nature of fatigue crack 
propagation. 

In Part II, the results and interpretation of data 
from an experimental investigation using reverse bending of 
thin aluminum sheets, and interference fringe measurement 
of the local residual plastic strains is presented to show 


one of the wany possible avenues of further investigation. 


$48 





_— a 7 ae 7 
: —— : 
~ 
7 a oi 
@ 
_ — 
: 
. 

= 
a ; 

7 

= - = 7 

ar : 
- - , : 





PAR. J 

DEVELOPMENT TRENDS IN THE FIELD OF CRACK PROPAGATION 
The Fatigue Crack 

A fatigue crack is a crack that grows under repeated 
loading. It usually starts at a point of stress concentra- 
tion. The presence of a notch, seam, rivet hole or welded 
joint may provide the necessary stress concentration, Under 
load, the concentration may cause the opening of a small 
crack. The tip of this crack is of very narrow radius, The 
sharpness of the crack tip causes an increase in the stress 
concentration. Under the influence of cyclic loading, the 
concentration causes crack extension. The crack is thus 
carried into previously undamaged metal, and the process 
continues. As the crack develops, more and more stress is 
present about the tip, the stress concentration increases, 
and the rate of extension is accelerated. If the stresses 
are sufficiently high, a critical length is reached and 
fast fracture occurs. Thus, a propagating fatigue crack is 
a traveling stress raiser. 

The problem of categorizing materials in terms of 
their ability to resist the initiation and propagation of 
cracks has many ramifications. A starting point would be 
to attempt to determine a relation between fatigue crack 
propagation and the state of stress in the cracked component 
from the standpoint of the mathematical theory of elasticity. 

An initial analysis was developed by Neuber. Bx His 


analysis idealizes the material to which it applies by 





postulating that it is amorphous, isotropic, and so strong 
that plastic flow does not occur. This idealization is 
Similar to most analyses that have been aavelopad that 
apply to elastic phenomena. 

In common with most versions of this type of analysis, 
a stress function is used that ensures the derived stresses 
are in equilibrium, The use of such a stress function 
allows boundary conditions to be inserted. In this last 
respect, his analysis differs from some others in that 
correct boundary conditions can be inserted while, in the 
interest of simplicity, other analyses use approximations. [4]. 

The early work of Griffith [2] on fracture has been 
the foundation upon which most theories of crack propagation 
have been built. Griffith assumed the presence of inherent 
characteristic cracks in glass, which is a perfectly brittle 
material, These cracks cannot be considered as physical 
entities since they are calculated to be of sufficient size 
for visual observation, but they have not been found. For 
the purposes of analysis, these cracks were assumed to be 
narrow ellipses with major axes of length £ . Under a 
nominal stress oO applied normal to such a crack it was 
shown that the internal energy release per unit thickness 

2qz 

U = “S 
would result if the crack developed in perfect material. 
At the same time, energy W would be absorbed by the 


formation of the crack faces of area A, The equilibrium 





conditions 
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defined a critical crack length 2, whereupon an increase 
in stress above the value © would lead to fracture, 
Griffith assumed in the case of glass and similar brittle 
materials, that if 2. represented the characteristic 
"flaw" size, then the condition 

O, L. = constant 
expressed the brittle fracture strength 5, . If it is 
assumed that the specific surface forming energy tam 
remains constant, then the expression ” 

6° 2 = constant 
could be interpreted as the criterion for fast fracture, 
It appears that the fracture is sustained by the release 
of energy in the material. 

The Griffith theory considers the material containing 
a stress field as a continuum, but most engineering 
materials have a discrete crystalline, molecular or atomic 
structure. Neuber, in addition to his mathematical 
hypothesis, attempted to take into account the discrete 
structure of metals by proposing the concept that the 
material could be considered as an aggregate of "building 
blocks" with the property that a stress gradient could not 
develop across any individual block. The half length of 
the block can be related to certain mechanical properties 
of the metal. This leads to an interpretation of the 
building block as the minimum volume of material, the 
behavior of which can show a reasonably good correlation 
with technical strength values. The Neuber "blocks" are 
similar to the Griffith “cracks” in that they cannot be 
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considered as physical entities, 

A complete analysis and a series of computations for 
various crack geometries have been presented by Jackson 
[4] [5] using the Neuber theory. This data is a useful 
tool for the basic elastic theory values which might be 
used as a basis for any further investigations. 

A basic model of the problem can be simulated by a . 
small notch or slot machined in a thin, flat metal plate, 
Crack propagation tests could be carried out on the thin 
sheet with a central crack or with an edge notch, subjected 
to repeated tensile loads acting in a direction at right 
angles to the crack, One advantage of the central crack 
model is that the stress field is symmetrical and adapts 
itself easier to earlier elastic theory developments. 
Elastic Methods 

Rarely in engineering practice can a plane or plate 
be assumed to be of unlimited size when investigating 
distribution of stresses, In most cases the dimensions of 
plates under consideration are not only finite in extent, 
but quite small. It is necessary, therefore, to determine 
in which cases the solutions for an infinite plate will be 
valid for finite plates and yet maintain the required degree 
of accuracy, It would be best for this purpose to compare 
results of accurate solutions for both finite and infinite 
plane surfaces, 

Theoretical solutions for isotropic plates of infinite 
extent have been available for a long time. Muskelishvili [7] 
investigated the problem of stress distribution about a 





narrow ellipse using a complex transformation 

Z= +4 
and the mathematical theory of elasticity, The reason for 
considering an ellipse was due to the belief that cracks 
behaved as though there were some finite crack thickness, 
i.e. a thickness which could be represented by the radius 
of an imaginary notch, The relations derived from this 
mathematical analysis contain no limiting assumptions or 
approximations. Several efforts have been made to accurately 
describe the stress in a finite plate with varying degrees 
of accuracy, 

Savin [8] investigated the problem of stress dis- 
tribution around an ellipse in a plate of finite width and 
infinite length, His method of solution was the super- 
position of stress functions satisfying the mathematical 
theory of elasticity such that all boundary conditions were 
satisfied except for a residual stress at the finite edges, 
By application of St. Venant's principle, he was able to 
prove the effect of the residual stresses were negligible a 
certain distance from the free edge, Another useful but 
somewhat empirical solution for the finite plate was pre- 
sented by Westergaard. [9]. His solution used a 
transformation 

Fak a where Z2=X+i 


y 
li- Sim ae) w= plate width 


Sin BS a=crack half length 





which satisfies the case of a plate of finite width W 
subjected to a uniform stress at its extremities and to 


distributed variable stresses along the free edges. 





By assuming 

Z=a+re- 
an approximate solution is reached. The result shows the 
infinite plate theory can be used with a correction factor 

K = Via OF 
if the crack length is less than half the plate width. 

Several other authors have made similar independent 
efforts to approximate the effect of the finiteness of the 
plate with results that differ only in terminology. All 
the attempts used an ellipse as a basic geometrical shape, 
but different coordinate transformations were used. The 
complex transformation of Westergaard appeared to have the 
most sound mathematical basis, and for that reason was 
described here, 

After the sound mathematical basis for a discontinuity 
in a flat plate was reviewed, the possibility of considering 
stress intensification in terms of a theoretical stress 
concentration factor was considered. Assuming only elastic 
behavior, the nominal stress acting across the net cross 
section was multiplied by a stress concentration factor 
derived from the geometry of the discontinuity. The 
resultant stress distribution for a given external load 
system provided a reasonable calculation of the ultimate 
loads necessary to produce static failure. The calculation 
of the stress concentration factors was further modified by 
experiment. The resultant concentration factor was an 
indication of discrepancy between elastic theory and 


experimental results, 





McEvily and Illg [10] developed a stress concentration 
factor for a crack in a finite sheet starting with the 
established stress distribution about a circular hole in a 
finite sheet. For the case of a sheet containing a central 
symmetrical crack, the stress concentration factor for a 
circular hole of diameter equal to the total length of the 
crack was determined. The crack was then considered to be 
an ellipse of major axis equal to the total crack length. 
The total stress concentration factor was assumed to be 
related to that for a hole as follows: 


-=/+(k,- fo Ke= circle stress concentration 
Ke=/ (Ke~ 1) fr factor 


where Ke is the stress concentration factor for the 
ellipse of semi-major axis Q and tip radius fe 

In order to obtain an expression for the stress 
concentration factor for a crack, the effective radius 6, 
was substituted for Fs where (6. is the effective radius 
of the fatigue crack; and the crack length was substituted 
for the major axis of the ellipse. 

The final step was to make a correction for "size" 
effect. Such a correction was made by introducing Neuber's 


material "block" dimension as follows; 

é mA 
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where p is Neuber's constant determined empirically. 


K, = | + 
Assuming A 
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Another stress concentration factor method is proposed 


by Irwin [11] to obtain correlation between crack propagation 
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rates, Irwin proposed a stress intensity factor 

K = ova’ X 
where 

x = oe tan Te 
which is the Westergaard correction for a finite plate, a 
is the half length of the crack, and w is the width of the 
plate. The basic concept of Irwin's work differs from 
McEvily and Illg's in that the latter were concerned with 
ultimate load for static failure and the former was inter- 
ested in crack propagation rate prior to any ultimate 
failure, It is of interest to realize the difference in 
these two concentration factors is at most seven per 
cent. [12]. 

It appears the stress required for static failure is a 
function of the same material parameters as the growth of a 
crack at stresses less than maximum, It is then reasoned 
that the same type of mechanism is involved with rapid 
fracture and the slower growing fatigue crack, Others have 
presented equivalent stress concentration factors derived 
from a variety of initial assumptions, Basically, they all 
follow the premise of the flat plate and an elliptical 
discontinuity. 

Another parameter developed in the attempt to describe 
phenomena of crack propagation and subsequent fracture is 
notch sensitivity. The meaning of stress concentration for 
fatigue strength has led to use of the term “notch" to 
signify geometric features giving rise to stress concentration 


effects being considered. This terminology is used since it 
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is simple, graphic, and devoid of ambiguity. 


Im general, 





th 





unnotched fatigue streng 


Ke = no -chea 


does not achieve a value as high as the theoretical stress 





fatigue strength 


concentration factor K, . In fact, it is customary to 
consider the deviation of the two as & measure of the 
response of the material to the "notch" effect on fatigue 
strength. A convenient paraweter of this phenomenon is 
defined as notch sensitivity 

a ace [13]. 
The possibility exists of evaluating these factors by means 
of the theory of elasticity, although the mathematical 
Solutions are quite unwieldy except for simple geometric 
shapes, Use of digital computers has eliminated the tedium 
and human error factor and at least one solution is avail- 
able in numerical form, [4] [5]. This study of the kinetics 
of fatigue crack propagation, on @ macroscopic scale has led 
to a theory of notch sensitivity which has the particular 
merit of predicting strength reduction factors in good 
agreement with experimental values. It should be remembered, 
the constants outlined by the theory are empirical and one 
would expect then to be in good agreement with experiment 
Since that is their source, 

The stress distribution in @ particular geometric form , 
and under a given loading system, can be established by 
classical elastic theory with the proviso that derived 


stress values are elastic and the corresponding strains are 





small. In the majority of cases, real metals exhibit 
plastic deformation prior to fracture, consequently stress 
concentration studies, while still of great value, assume a 
modified role when plasticity effects are encountered, 
Plastic Effects 

Stresses in excess of the primary yield strength 
produce plastic strain which in turn, by strain hardening, 
increases the yield value. The onset of plastic strain 
changes the linear relationship of stress and strain in the 
elastic domain and further complicates the stress field 
through the agency of strain hardening. 

One way of viewing the stress distribution near the 
crack tip is to consider that the material in this region 
must carry additional load that was previously carried by 
the material opposite the crack. When plastic flow occurs 
near the crack tip, the amount of load carried in this area 
is reduced and the stresses further ahead must increase in 
order to make up the deficit. In the limit, it could be 
considered that the region in which plastic flow occurs 
does not carry any load at all. This can be simulated by 
removing material at the tip of the notch and examiming the 
redistribution of stress in the remaining material, Thus 
an upper limit can be defined for plastic effects. 

The laws governing plastic and elastic-plastic evolution 
are based on a series of known facts and on special experi- 
ments aarnted out by Polakowski. [14]. These laws are 


expressed as follows: 
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Static or alternating mechanical loading tends to 

modify the strain hardened state of the material, 

as reached during its mechanical-thermal history, 

and to substitute for that original state a new 

strain-hardened state, independant of the first, 

which corresponds to the new loading history. 

in this connection it should be noted that fatigue 
hardens a material which is initially mild, but softens a 
material which has been strain hardened by cold working. 
Such behavior is extremely important in the case of geomet- 
rical notches and of the sharp notch, i.e. a crack, One 
small volume in the neighborhood of the tip of the notch is 
subjected to a very high level of stress and therefore is 
subject to marked plastic evolution during fatigue. Deforn- 
ations along the borders of this volume are constrained by 
the remainder of the material which conforms with the 
theoretical strains described by the theory of elasticity. 

Polakowski also stated: 

An alternating stress superimposed upon a static 

stress partly destroys previous work hardening 

and may promote plastic flow and creep in the 

direction of the static stress. This fact ex- 

plains the evolution of initial residual stresses, 

which tend to dissappear under fatigue, 

Plastic strain during fatigue takes place at an increasing 
rate with the intensity of the shear stresses, Such strain 
plays an important part in the propagation of the crack 
immediately before each step forward of the crack front. 

It may also have some effect on the residual static strength 
of the component, particularly where propagation goes from a 
lower stress region to an area where stresses are higher. 

In any case, damage before the appearance of the crack due 


to repeated plastic deformation. becomes greater as plastic 
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deformation under fatigue increases, 

Griffith's energy method of explaining the reason for 
crack growth has another important feature in the light of 
elastic and plastic phenomena: a moving crack is one which 
is fed by the release of stored strain energy. 

An additional contribution was presented by Irwin [11] 
who recognized that unstable crack extension would develop 
regardless of plastic flow if the plastic strains tended to 
localize near the boundaries of the crack, He modified 
Griffith's theory by replacing surface tension with work 
expended in plastic deformation as the factor controlling 
fracture, Using this modified expression Irwin showed that 
a fast moving crack was one which was fed by the release of 
stored elastic strain energy and was independent of con- 
tributions of external loads existing at the time of 
fracture. The upper limit of fracture velocity in brittle 
materials is approximately one-third the velocity of 
longitudinal sound waves in the material. [15]. 


Two Stages of Crack Growth 





A recent work in the field of the physical process of 
fatigue has been carried out by Forsyth. [1]. He shows that 
there are basically two modes of crack growth, and the 
change from one to another is a natural division of behavior. 
The first mode of growth is governed by the local shear 
stresses, thus cracks will form on those planes most closely 
aligned with the maximum shear stress directions in the 
fatigue specimen, The surface grains behave in a soft 


manner, and cause cracks to start on the surface, There 
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are several reasons for this, First of all, plastic strain 
is more rapid at the surface because surface grains have an 
outer face with low plastic rigidity. In addition, there 
are geometric irregularities at the surface which produce 
local stress concentrations, Finally, the surface grains 
deform more than those in the interior of the metal because 
the stress usually is maximum at the surface, 

The criterion for growth in the second mode is the 
value of the maximum principal tensile stress operating in 
the specimen in the region of the crack tip. The transition 
from mode one to mode two occurs when the ratio of shear 
stress to tensile stress becomes less than unity as the 
crack progresses from the surface of the material towards 
the center of the specimen. This indicates that the peak 
tensile stress developed across the crack tip causes 
deviation of the crack from its slip or shear path. Mode 
two growth contains an element of cleavage. In essence, 
the crack starts from the surface where the grains will 
have a@ lower than average shear strength, then grows into 
the constrained region of the bulk of the material where 
cleavage conditions are favored. 

Direct observations of surface cracks has been carried 
out mainly on pure materials especially intended for easy 
observation in the laboratory. These observations showed 
that cracks appeared in slip bands and were due to the 
setting up along these slip bands of zones having unequal 
rigidity to plastic deformation. It should be noted that a 


surface strain-hardened condition hinders the full inception 


13 





of Forsyth's mode two crack growth due to residual compressive 
stresses in the material, 

Generally speaking, mode two is the most usually 
encountered mode of crack propagation in construction 
materials: it accounts for a major proportion of all 
cracking before rupture or failure, Mode one on the other 
hand, is the consequence of plastic strain before cracking; 
the whole mode is in fact governed by the alternating shear 
stresses, It follows, therefore, that the useful life of 
the material before the onset of cracking depends mainly on 
shear stresses, 

On examining fatigue fractures in sheets subjected to 
repeated tensile loadings, it will be seen that quite often 
crack propagation is intermittent. Each step represents 
partial static rupture under tensile stress. The static 
fracture front moves forward faster in the center of the 
sheet due to the plastic flow near the outer surfaces 
which locally reduces the applied load. Static fracture 
stops because its forward motion reduces the stress con- 
centration at the surface of the material. Strain then 
occurs along the edges of the crack and induce slow 
propagation which continue until the static rupture phase 
re-occurs, Final fracture possibly occurs when the increase 
in local stresses (due to decreasing cross section area) 
balances reduction in stress concentration due to favorable 
effect of plastic strain at the surfaces, 

Forsyth [1] remarked that when the center of the crack 


front moves far ahead of the surface position, the 
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fracture becomes a double bevel making an angle of 45 
degrees with the sheet faces. Next, it changes to a single 
bevel fracture, These changes occur long before crack 
propagation assumes catastrophic proportions. These 45 
degree cracks could be compared with mode one propagation 
theory. Where plastic strain takes place along a direction 
of maximum shear stress of 45 degrees at the beginning of 
a crack, plastic strain is not fully developed and the 
crack switches to mode two, Later, as plastic strain 
increases as far as surface grains are concerned, the angle 
of the crack path gradually becomes 45 degrees. The 90 to 
4S degree transition appears unconnected with any variation 
in crack propagation rate, indicating only local overloads 
along the shear planes have reached a sufficiently high 
relative value. 
Non-Propagating Fatigue Cracks 

The phenomenon of non-propagating cracks was commented 
on by many experimenters who observed it in the course of 
other investigations, It appeared as a short fatigue crack 
that seemed to grow fairly rapidly and then stop. A similar 
and related phenomenon was observed by Hudson and Hardrath 
{16] during an investigation of changing stress amplitude 
on crack growth. When the second stress level was lower 
than the first, two effects of "preloading" became apparent: 
erack growth was discontinued over a large number of cycles 
and when crack growth finally started again, it started at 
a point behind the crack tip. It appeared that residual 


stresses produced by high stresses at the crack tip were 
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sufficient to render other portions of the specimen more 
vulnerable to crack growth at the lower stress level. 

The delay phenomenon can also be explained in terms of 
the residual compressive stresses set up by the higher stress 
level, The fatigue cycling of the specimen gradually reduces 
the stresses set up in the crack tip since it is a strain 
hardened region. When the residual stress is lowered 
sufficiently, the crack starts to propagate again. If the 
stress built up at the crack tip is sufficiently high. with 
respect to the subsequent loadings, the amount of stress 
relief due to fatigue may not be large enough to re-start 
the crack, 

There are essentially two ways in which non-propagating 
cracks may be formed. If the effective radius of the crack 
is greater than that of the initial notch due to plastic 
strain, a decrease in local stress will result and a non- 
propagating crack will form since the new effective peak 
stress will be less than the fatigue limit for the material. 
If the crack closes during the compression portion of the 
fatigue cycle, a non-propagating crack may also be formed, 
for the effective range of stress at the tip of the crack 
would be decreased, The compression of the crack does no 
damage to the material, in fact it assists in the persistence 
of the residual compressive stress at the crack tip. 

The phenomenon of non-propagating cracks can be ex- 
plained with reference to Forsyth's two modes of crack 
growth, The cracks show features that suggest that they 


start almost immediately as mode two cracks, then grow to a 
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length at which the crack tip is subject to too small a net 
tensile stress to continue to grow in this mode. The 
cracking mode may then change to mode one, characterized by 
a 45 degree bevel. Because the conditions of constraint 
are such that easy slip plane growth is impossible, the 
crack becomes virtually non-propagating. It has been 
suggested [1] that these cracks do in fact grow very slowly 
although for all practical purposes they have stopped. 
This is very likely to be true since the cracks tend to 
turn over to the shear mode where very small dislocation 
movements could maintain growth, 
Dislocation Theory 

The observation of slip bands in mineral crystals dates 
back to 1867, although they were not noticed in metals until 
1900, Little further advance occurred until the period 
1910-1920 when two important techniques were developed: 
x-ray diffraction and the ability to grow single crystals 
in the laboratory. These enabled the structures of metal 
crystals to be determined, and revealed their characteristic 
mechanical weaknesses, as well as their modes of deformation. 

It was noticed that crystals were made up of lattices 
of mosaic structure, consisting of blocks of slightly 
differing orientation. Boundaries between such blocks were 
composed of arrays of what are called "dislocations". Some 
calculations on the stresses required to move dislocations 
were attempted but not until 1947-1948 did the subject start 


to emerge in coordinated form. [17]. 
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When a fatigue stress is applied to a metal, the 
individual grains begin to show, after a time, fine slip 
markings. These consist of slip lines within the material 
and slip bands on the surface of the material. The number 
of cycles required to produce these visible slip bands 
depends on the stress level, but may be several thousand 
cycles, As stressing continues, some of these bands in- 
tensify, possibly only over part of their length, 30 that 
such bands do not necessarily extend to the grain boundaries. 
It is these intense slip bands which appear to be the 
sources of subsequent fatigue cracks, 

Generally speaking, fatigue damage from which a crack 
is formed is localized near the surface of the specimen. [1]. 
The cracks start in broad slip bands, traces of which 
persist during electro-polishing treatments. It is of 
interest to note that if the slip bands are electropolished 
to remove the majority of them by the electrolytic erosion, 
the fatigue life of a specimen may be increased seven fold. 
[17]. This phenomenon in itself is strong evidence that 
the nucleus of the fatigue process is located in the slip 
regions, 

Grooves and ridges are formed on the surface of the 
specimen along the slip bands. The ridges sometimes develop 
thin tongues of metal called extrusions, The grooves have 
been named intrusions. In pure fatigue, the cracks seem to 
start at the surface from intrusions. [18]. The formation 
of the cracks appears to be a purely geometric process in 


that they are caused by motion of dislocations in several 
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intersecting crystallographic planes. 

Several dislocation mechanisms have been presented in 
the last few years to explain the nucleation of fatigue 
cracks. [17]. For the purpose of this discussion, the exact 
dislocation mechanism for producing intrusions is not of too 
much importance. Whatever mechanism is conceived, a general 
idea of the initial depth of the intrusions can be found 
from the balance of energies due tc new surface prcduced 
and the work done by the dislocations or by some other means 
such as Griffith cracks. [2]. 

In 1961 Valluri [18] proposed a unified theory of 
fatigue which included much of the results of previous 
experimenters explained on the basis of dislocations. The 
following are the general aspects of his theory. 

The fatigue failure of a material was attributed to 
the growth of a dominant crack, This growth was assumed to 
occur in jerks and was affected by the hardening character- 
istics of the waterial and the range of applied stress. An 
expression for the growth of a dominant crack as a function 
of number of cycles was proposed. Failure was assumed to 
occur when the growing crack became just critical for 
catastrophic failure at the applied peak tensile stress, 

Two fundamental equations were derived; one expressing 
crack growth as a function of number of cycles and the 
other the number of cycles to failure as a function of peak 
applied stress. These equations contain five material 
constants of which three are Young's modulus, the ultimate 


tensile strength, and the endurance limit. The other two 
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Constants have to be determined from testa. This may be 
done by determining the S-N curve in fatigue for a number 
of tests, taking two mean points, and solving ary tits tap 
constants, If the test points are suitably chosen, the 
region of validity will be well beyond the 50 to 500,000 
cycle range. 

Application of the quantitative theory can be used to 
discuss residual static strength, effect of changing the 
test stress ratio and the effect of cumulative damage. 

Some limitations of the theory are pointed out. The nature 
of the fatigue problem has been attributed to two material 
variables, grain size and a mean internal stress. This 
stress, characterized by its mean value, depends on the 
prior history of the material. Its variation from the mean 
value and its distribution are not known. It is suggested 
by Valluri that the fatigue problem will remain statistical 
in nature because of this, 

Cumulative Damag 


e in Fatigue 





One of the more important practical aspects of the 
fatigue problem is that of cumulative damage. As the name 
implies, the problem is concerned with the prediction of the 
accumulation of damage when a test specimen is subjected 
to a number of stress pulses either in a regular or a random 
manner, An extreme case might be acoustical fatigue where 
stress application may be considered to be simultaneous at 
a number of different frequencies. Cumulative damage may 
be treated as an extension of the basic theory of fatigue 


as proposed by Valluri. [18]. 
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One of the earliest papers published in the field and 
the most well known is that of Miner, [20]. Miner suggested 
that the damage at any stress level is equal to the 
fractional life consumed at that stress level, Thus, if at 
a stress level S¢ the test specimen has a life of Nq 
cycles, and the specimen has been subjected to Ne cycles, 


Miner's theory requires that 
n 

2 ees 
This is a fairly reasonable assumption and is extremely 
simple, This theory however sacrifices two important 
aspects of experiments, One is the added weight given to 
higher stresses and the other is the dependence of the 
order of application of stresses, In order to explain 
this apparent discrepancy there was introduced the concept 
that the damage in fatigue might be proportional not to 


Ve 


but to some exponent of it 

e/a]. [19]. 

According to Valluri's theory [19], the observed 
features of cumulative damage can be explained with no 
additional assumptions, The sum of the damage fractions 
will be very nearly equal to one, only when the stresses 
are very close to each other. The larger the difference, 
the greater the departure from the sum of one. Given the 
stresses and their associated ranges, and the ultimate 
tensile strength of the material, Valluri derived two 
equations which provide the slope of “damage lines" for 


pairs of stresses. These damage lines show the remaining 
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cycles to failure for the two stresses for either order of 
application. The slopes of the damage lines are independent 
of any specific strain hardening mechanism, This seems to 
indicate that the choice of hardening mechanism has little 
effect on the response to the order of stressing. This 
method may be adapted to three or more stress levels, 
program type loading, or random loading with varying success 
depending on the statistical confidence of the loadings. 
Testing Methods 

The standard experimental technique for plate specimens 
seems to be the determination of the fatigue load applied 
to the specimen for the onset of crack propagation initiated 
at points of high stress concentration. Fine saw cuts, 
small drill holes, and fusion cracks by electric arcing 
(Elox) have served as the initial artificial cracks. The 
methods adopted for measuring crack growth have ranged from 
direct observation to the use of printed circuits as vernier 
scales such that propagation breaks the circuit component 
and operates either a cycle counter or chronometer, 

After the crack starts to grow, two general methods of 
stress application have been used, In one the stress 
amplitude is maintained constant by reduction of load in 
proportion to remaining cross-sectional area, The other is 
maintaining the load amplitude constant, resulting in a 
gradually increased stress amplitude. One advantage to the 
constant stress amplitude method is that the rate of crack 
growth is constant proportional to the original width of the 


specimen, until final rupture occurs, 
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There are in existence many practical techniques for 
analyzing crack growth parameters based on photoelasticity, 
resistance strain gage surveys and &@ wide range of mechanical, 
optical, pneumatic, and electomechanical transducer types of 
extensiometer, Some of these require complex calculations 
and analysis before meaningful data can be obtained. 

Static residual strength after cracking under fatigue 
can be determined experimentally in the following two ways: 
(1) After a crack length -£ has occurred under a nominal 
stress © , a static test is carried out; this gives a net 
residual strength Onet. (2) The fatigue test is con- 
tinued under stress O up to rupture atN cycles with a 
crack length of 2, . The net stress up to final static 
rupture is then calculated by 
where w is the plate width. 

Using test procedure (1) above for test specimens of 
narrow width, a large number of tests carried out on sheets 
of light aluminum alloy determine the ratio 


xX = net cracked [12]. 
not cracked 


Using test procedure (2), the static strength varies from 
O.14 to 1,0 times the static strength of similar material 
with no cracking. 

Recently Gerberich and Swedlow [21] have developed a 
photoelastic coating technique which provides separation 
of the principal plastic strains within a plastic enclave 
surrounding a crack tip, provided the thickness direction 


strains are measured by an independent method. Prior to 
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the development of their method, determination of strains 

in the neighborhood of the crack tip was not possible due 

to limitations of the applied coatings. The coatings tended 
to crack before the metal surface, or to separate from the 
metal surface around the crack, 

The primary requirement for this new technique was 
the manufacture of a photoelastic coating material: (1) with 
a strain - optical coefficient, K, high enough to produce a 
sufficient number of isochromatics, and (2) flexible enough 
to avoid premature cracking during the crack propagation 
tests. The material developed is called epoxy-polysulfide 
copolymer, 

Epoxy-polysulfide copolymer has the unique property 
of variable elastic modulus, elongation, and strain - 
optical coefficient dependent on the composition by weight 
of its component parts. This material may be prepared for 
use on a wide variety of metals with little difficulty. 

In the use of a birefringent coating, a measurement 
error exists due to the fact that shear values at the metal 
surface taper off through the thickness of the coating; 
therefore, calibration of this error is required. 

Using this photoelastic coating, values of principal 
stress difference in the vicinity of the crack were recorded. 
The strains were computed using a true stress - strain 
curve for the material in tension, and the fact that for the 
plastic region, 

Ce ie5 Car 
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The measurement of thickness direction strain was independ- 
ently measured by an optical-mechanical comparitor allowing 
thickness estimates of plus or minus 20 microinches, 

Further details of the geometry and magnitude of the 
thickness direction strain distribution around cracks in 
thin metal sheets were observed with a method utilizing 
Newton interference fringes. This method was presented by 
Oppel et al, [22] and holds much promise since strains in 
the thickness direction can be observed over discontinuities 
with a minimum of analysis. Further study of this method 
is indicated for use in conjuction with the photoelastic 
coating as an accurate method to determine thickness 
direction strains, 

Investigations in this paper will emphasize the area 
from the crack tip to one specimen thickness away from the 
tip in an attempt to provide data for use with the bire- 
fringent coating method to further analyze the strains 


close to the crack tip. 
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PART II 


EXPERIMENTAL INVESTIGATION OF FATIGUE CRACK 
GEOMETRY BY AN INTERFEROMETRIC METHOD 


As shown in Part I, a considerable amount of information 
has been presented by numerous authors on the subject of 
fatigue crack propagation. Various methods have been out- 
lined to attempt prediction of critical crack lengths, 
rate of crack propagation, character of the propagation, 
and testing procedures, 

One of the areas of interest where little meaningful 
evidence has been gathered is the plastic enclave around 
the tip of the growing crack. The reason why investigation 
in this area has met with only limited success is the fact 
that no satisfactory methods of observing and recording 
phenomena at the discontinuity had been developed. The 
usual strain gages cannot be satisfactorily fastened to the 
material at the crack, The birefringent materials will 
determine only two dimensions of the strain when applied 
to a metal surface which will be cracked. If the coating 
does not crack along the metal crack, the readings obtained 
are unusable. 

Recently Gerberich and Swedlow [21] developed a tech- 
nique with a new photoelastic coating that allows separation 
of the principal strains within a plastic enclave surrounding 
a@crack tip. Suitable coating characteristics for each 
material tested can be obtained by proper coating composition. 

The Newton interferometric method was introduced by 
Oppel et al. [22] in order to avoid the difficulties exper- 


4enced with other methods of measurement, The interferometric 
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method completely avoids these troubles since no coating 
is used, and in addition permits the observation of strain 
throughout the entire plastic range of the metal until the 


specimen is destroyed. 
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PURPOSE OF EXPERIMENTS 

The purpose of this paper is to investigate the geometry 
around a fatigue crack using the interferometric method 
introduced by Oppel. This method consists of observing the 
interferences formed in the air gap between a plane glass 
surface placed over and in contact with the specimen, and 
the polished surface itself. Such an interference pattern 
provides a contour map of the specimen surface, i.e., the 
change of thickness of the specimen 6 - che exact manner 
in which the measurement is made is described in Appendix 1 
where the sensitivity is shown to be (for mercury light) 

348 4 in/in per fringe. 

The suitability of this method was verified by com- 
paring results with those calculated for a round hole in 
an infinite plate using the mathematical theory of 
elasticity. 

The rate of crack propagation was calculated from data 
taken during fatigue crack growth and compared with results 
previously published in two independent reports. 

The distribution of strain contours around a crack 
under alternating loads and tensile load was investigated. 
The shape of the contours was analyzed and discussed. 

One specimen with a fully developed fringe pattern 
was observed without the coated glass to examine the surface 
of the metal, In the areas where fringe gradient indicated 
considerable plastic strain, areas of massive slip were 


observed, 
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EQUIPMENT AND PROCEDURE 
Specimens 

The test specimens used were 2024-T3 aluminum sheet 
cut parallel to the roll direction from the same rolled 
sheet of thickness .063 +.0005. The dimensions of the 
specimen are shown in Figure 1. A total of fifteen specimens 
were tested, nine with central slots and six with edge slots, 
The specimens were carefully polished to a mirror finish 
across their width at the approximate center on a ten inch 
cloth wheel using jewelers rouge as a polishing agent. The 
slots were cut by hand with a jewelers saw with blades ,008 
and .012 inches wide, The central slots were made by 
drilling a 1/16 inch hole on the centerline and cutting 
each way with the saw. Nominal length of the slots was 
2{50 inches, 

Six of the fifteen specimens prepared for the experi- 
mental investigations were selected and designated A-1l 
through A-6, Table III, These specimens were drilled and 
reamed for technique suitability tests. After these tests, 
these six specimens were re-used as central slot specimens 
by cutting the slot from the reamed hole to a nominal width 
of .750 with a fine jewelers saw. The slotted specimens 
were then redesignated specimens 1 through 6. Table I. 

The crack propagation tests were performed using all 
fifteen specimens. The numbers in parentheses in Figures 4 


and 5 refer to the specimen numbers for each test recorded 


in Table I. 
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The three specimens selected for geometry analysis 
were specimens 9, 10, and 15. The representative photograph 
included as Figure 10 and the sketch in Figure 11 were made 
from specimen 10, 

The specimen photographed under tensile load, Figure 
16, was an un-numbered specimen used to gain familiarity 
with the equipment prior to commencing test runs. This 
un-numbered specimen was the same as the test specimens in 
which an edge fatigue crack was propagated at 14,600 psi 
to approximately one half inch. The tensile load was applied 
to observe the effect on the fringe pattern but the process 
was discontinued when crack growth under repeated tension 
was considered too slow to be practical. After the test 
program was completed, this specimen was included because 
of the difference in fringe pattern from those shown to be 
the result of reverse bending. 

The crack geometry of three specimens was unique in 
that concentric circular fringes were observed. These were 
specimens 7, 8, and 9. See Table V and Figure 13. 

A non-propagating crack was produced in specimen 6 
during higher level stress application. 

Loading 

Symmetrical bending was selected as the mode of load 
application for several reasons. First of all, there was a 
Calidyne Model 68 shaker table available with sufficient 
power to flex the specimens to the desired amplitude. 
Secondly, the size of the specimen could be selected to 


cause resonance in bending at a convenient frequency. The 
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frequency desired was about 50 cps, After machining the 
Specimens to the proper dimensions, the frequency observed 
was 63 cps. Finally the symmetrical bending caused equal 
values of tension and compression in the extreme fibers of 
the specimen with zero mean load, This was desired to 
eliminate the added complication of a mean static load, 

The equation of motion for the natural vibration of an 
elastic beam cantilevered at one end was solved for the 
selected specimen, The second mode of vibration was chosen 
because it created a reasonable value of curvature approxi- 
mately in the center of the specimen, Figure 2, Details 
of the calculations are enclosed in Appendix 2, 

The values of stress in the extreme fibers were cal- 
culated as a function of vibration amplitude which allowed 
various stress levels to be used by controlling the shaker 
power output, It is worthy of note that the stress is not 
a function of plate width, therefore all tests were at 
constant stress. Six of the specimens tested were equipped 
with SR-4 type AD-7 strain gages placed longitudinally at 
the point of maximum amplitude. Strain readings were taken 
using a standard strain gage bridge circuit. Figure 3. The 
bridge was DC balanced before start of the readings, then 
using a Ballantine AC Voltmeter, the strain gage output was 
recorded in millivolts, Calibration data is included in 
Appendix 2, The difference between calculated stress and 
observed stress was less than 3 per cent. 

Each specimen was vibrated, using the shaker table, to 


a predetermined crack length at a set stress level. The 
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number of cycles was observed using a berkley EPUT meter 
Model 554-3 which was connected to the shaker output. The 
shaker was stopped at specific internals during crack growth 
to measure crack length and number of cycles, 
Crack Propagation 

The length of the crack was observed as the distance 
from the root of the slot to the tip of the crack at the 
upper surface, Measurement was made with a scale calibrated 
in 64ths of an inch, All measurements are considered accu- 
rate to within one half a scale division or 1/128 of an 
inch, Data taken is recorded in Table I. Crack propagation 
rates were computed, recorded in Table II, and plotted in 
Figures 4, 5, 6, and 7. 
Interferometric Method 

After each specimen was fatigued, it was wiped clean 
with acetone, A plane piece of glass 1/16 inch thick and 
one inch by two inches was fastened over the edge of the 
saw cut covering the fatigue crack, The glass was lightly 
coated with a silvered layer on the side next to the specimen 
to increase its reflective capabilities. In order to get 
the maximum contrast between light and dark fringes, it is 
necessary that the reflectivity of the polished metal sur- 
face and the glass be approximately the same, Pigure 4. The 
interference pattern exists regardless of the amount of 
coating on the glass, but in order to be seen by the eye the 
intensity of the light from each surface must be such that 


cancellation causes dark fringes. 
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The eye cannot discern variations in light intensity 
at a high level. The amount of coating required on the 
glass plate is a function of the type of metal being ob- 
served and the degree of polish on the surface, Since the 
coating process is a relatively easy one, an assortment of 
cover glass pieces with various coating thicknesses is 
desirable for selection to obtain optimum fringe contrast, 

After the glass had been fastened in place with a 
Small piece of masking tape on each long side, the specimen 
was mounted in a Dillon Model LW testing machine with a 
maximum tensile load capability of 10,000 pounds, A mercury 
are source with a Wratten type 74 filter illuminated the 
Specimen using a reflecting glass which was positioned to 
direct the light onto the specimen and into the eyepiece of 
a Gaetner Scientific Company 30 power microscope, Figure 9, 
The microscope was adjustable to allow observation of the 
entire area around the crack, A polaroid camera back was 
fitted with a fixed focus shutter and aperture assembly from 
another camera, The lenses were removed from the shutter 
assembly and the microscope lenses used to focus the image 
on the film, The camera assembly was made removable so the 
crack could be observed carefully and photographs made of 
items of interest, Selected photographs and sketches of 
strain contours are included in Figures 10 to 16, 
Verification Method 

To verify the accuracy and suitability of the inter- 
ference fringe measurement method, a series of tension tests 


were run on a known discontinuity. Six polished specimens 
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were prepared from the available fatigue specimens, A 

round hole was drilled in the center and carefully reamed 

to .067 inches. The specimens were inserted in a visual 
comparator with a magnification of 30. The holes were 

found to be round within plus or minus .0005 inches. The 
specimens were mounted in the Dillon machine, a load of 2785 
pounds applied, and the specimen observed through the micro- 
scope. As the load was slowly removed, the number of fringes 
was counted moving past eight selected points on the hole 
circumference where stress level was known. 

The verification setup was designed to measure the 
number of "moving" fringes past a reference point so that 
net strain was obtained, Using this method, the initial 
and final strain patterns were not important and did not 
have to be analyzed. 

The maximum stress at the hole was 32,900 psi which is 
well below the yield point for the material, At this 
magnitude of load, the fringes are quite wide and are of 
uneven width, An extremely sensitive feature of this testing 
method is the placement of the specimen in the Dillon 
machine, A very small amount of twisting can cause a large 
change in the number of fringes observed. 

The jaws of the Dillon machine were quite flexible to 
allow specimen alignment before applying tension. The fit 
of the jaw assemblies to the machine allowed rotation of the 
lower jaws during application of the first 500 pounds of 
load, This twist could be prevented by applying about 300 
pounds, carefully aligning the specimen, loading to 500 
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pounds, and realigning the jaws with a wrench until the 
fringe pattern observed was free of diagonal fringes. 

The Dillon machine is not considered practical for an 
extended tensile test program using the interferometric 
technique for observations due to the time eonsuuive process 
necessary to align the specimen. A larger, more stable 
machine with a yoke and at least two tension screws would 
be satisfactory for this purpose. Due to the time element 
involved, investigation with another tension machine was not 
practical, The results of the accuracy tests are presented 
in Table III. The stress calculations are included in 
Appendix 3. 

Direct Observation of Metal Surface 

Specimen 15 was positioned under the microscope without 
the coated glass to observe the physical nature of the 
metal surface. In the areas where fringe gradient indicated 
considerable plastic strain, areas of massive slip were 


observed. Figure 15. 
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EXPERIMENTAL RESULTS AND DISCUSSION 

Verification of Interferometric Method 

The analytic solution for the stress distribution 
around a circular hole in an infinite plate enclosed in 
Appendix 3 is derived from the superposition of two linear 
components, The two parts were considered to be: (1) a 
thin disc whose diameter was equal to the width of the 
plate with a central hole equal to the reamed hole in the 
specimen, and (2) a solid disc of the same diameter with no 
hole, The disc with hole was assumed to be subjected to a 
constant radial stress of S/2. The solid disc was assumed 
to experience both a radial and tangential stress which 
were functions of angular position. 

A stress function satisfying equilibrium conditions 
was invented for each part. Appropriate boundary conditions 
were used to evaluate the integration constants for the 
case of the solid disc. Strain-displacement restrictions 
and compatibility relations were employed in addition to 
boundary conditions to evaluate the functions of integration 
and constants of integration for the case of the disc with 
the hole, The superposition of these two solutions accurately 
describe the stress conditions in the plate as a function of 
angular position and distance from the hole. If the hole 
diameter is very small compared to the plate width, no 
detectible error is involved due to the finite plate width. 


The expressions for stresses at the circumference of the 


hole are 


6, =9 A Oe = Sle 2 Con 20] 
where S is the applied stress. 
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The points of interest around the circumference were 
taken where the stress was equal to 3 S, -S, and zero, 

The stress is equal to 3 S at plus or minus 90 degrees from 
the direction of the applied stress, The stress is equal 

to minus S at a position parallel to the applied stress, 

and is zero at an angle of 30 degrees from the direction 

of applied stress. It was determined that a stress of 
10,950 psi would cause passage of one fringe on the specimen 
far from the hole. Appendix 3, The term "far from the hole" 
is defined to be a sufficient distance from the stress 
raiser such that the stress measured is the average stress 
in the specimen if no hole were present. 

The six specimens were observed as the stress was 
applied and the number of fringes passing each point of 
interest on the circumference of the hole was recorded in 
Table III, In the table, plus and minus signs denote 
partial fringe motion too small to measure accurately. 

They are included to increase confidence in interpreting 
the data since all values are very small numbers. This 
technique is not intended as a proof of the calculation 
method, but to indicate a definite correlation between the 
calculated strains and the number of fringes observed, 

On the basis of the correlation between the calculated 
and observed results for a known stress and strain distri- 
bution, the observation of strain patterns around cracks by 
this method is considered satisfactory. A more rigorous 
calibration might be obtained by increasing the load level 


on the calibration specimens in order to produce passage of 
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more fringes and lessen the effect of specimen twist in the 
tension machine, 

Care must be taken not to approach the yield point for 
the material as the plastic strains involved would create 
errors in the readings. Yield stress for 2024-T3 aluminum 
is about 48,000 psi, Yield stress is defined by a permanent 
strain of 2,000 microinches per inch, or about six fringe 
orders, It is therefore recommended that stresses on the 
order of 30,000 psi be employed only if lower stress levels 
are considered unsatisfactory. 

Crack Propagation Rates 

Although the main purpose of this paper is to examine 
the strain distribution around the fatigue crack, it was 
decided to verify the rate of crack growth by careful 
measurement of the crack length at regular intervals during 
fatigue cycling. The data was presented in Table 1 for both 
edge cracks and central cracks, The measurements were made 
using a steel scale calibrated in sixty-fourths of an inch 
with the specimen under a strong light. The curves of 
crack length versus cycles shown in Figures 4 and 5 show 
linear growth of the cracks at each stress level. The 
numbers at the end of each curve indicate the specimen 
number of that curve, The rate of crack growth for each 
stress was recorded in Table II and plotted in Figures 6 
and 7. 

The curves show the rate of growth for both types of 
crack to be proportional to the fifth power of the applied 


stress, The rate of growth of the central cracks was almost 
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exactly half the rate for edge cracks, Appendix 4, Con- 
sidering that there was an equal amount of energy applied 
to both types of specimens at the same stress level, it 
follows that the central crack propagation rate would be 
half the edge crack rate because two cracks were growing 
simultaneously. The propagation rates observed compare 
favorably with data presented by Frost and Dugdale [1], 
and McEvily and Illg [10]. The slope of the curve of 
growth rate as a function of stress with alternate tension 


and compression at the stress levels used was determined to 


be 
dite aa 
wy = K 
by Frost and Dugdale, and 
a 495° 
an KS 


by McEvily and Illg. 


Geometry in the Vicinity of a Slowly Growing Crack Under 
Aiternating Loads 


Three specimens selected for analysis were photographed 
along the length of the fatigue crack, A representative 
photograph is included, Figure 10, The outstanding char- 
acteristic of most crack pictures was the formation of 
fringes parallel to the crack indicating a depression in the 
metal through which the crack grew. This depression appears 
to be formed by the plastic deformation at the tip of the 
crack due to local stresses above the yield stress for the 
material. 

When the material experiences a local stress sufficient 


to produce fracture, the crack grows slightly and stops. [18] 
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When stress again is increased to produce fracture, the 
crack tip moves on, but the depression caused by plastic 
strain remains. Once the crack tip has passed, the load in 
the material each side of the crack decreases, The de- 
pression around the crack appears to be evidence of the 
local stresses causing the crack to propagate. Measurements 
were made of the width of the depression and the number of 
fringes contained in the depression at intervals along the 
crack, These measurements are recorded in Table IV and 
presented in Figure 13, 

The width of the depression was measured from the 
point on one side of the crack where the fringe contours 
changed direction to @ point on the other side where the 
same direction change occurred, It must be emphasized that 
the measurement of width might vary with interpretation of 
the observer as to just what constitutes a direction change. 
For qualitative observations a consistent interpretation 
will suffice to establish a trend. 

More accurate observations would be realized if the 
specimen were observed periodically during its growth and 
the change in fringe pattern recorded. A comparison of 
successive photographs should pin down the location of the 
direction change. 

The number of fringes contained in the depression was 
counted across the full width of the depression for two 
reasons, The crack was not always in the center of the 
depression, but shifted from side to side as it grew, riding 


up the slope of the depression at the surface when shear 
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fracture predominated and favoring the center during 
cleavage fracture as indicated by Forsyth. [1]. 

The general fringe field observed on the specimens 
was not always perpendicular to the crack direction, but 
at an angle, Counting fringes over the full depression 
width tended to eliminate any errors due to the slanted 
fringe field, Any additional fringes counted on one side 
due to this angle would be balanced by a@ shortage of fringes 
on the other side of the crack. Figure 11. 

The rate of increase in depression width appears to be 
higher for the higher applied stress. A possible explanation 
would be that the higher stress, while causing a higher 
propagation rate, also causes a greater amount of plastic 
strain of the material, 

The number of fringes observed in the depressions 
appeared to increase at the same rate as the width of the 
depressions, indicating a relatively constant gradient to 
the depression. Observation of the crack tip in Figure 10 
shows the depression reaches its full width after the tip 
passes. The contour of the depression is swept back along 
the direction of crack growth. This might be caused by 
stresses behind the crack tip of still sufficient magnitude 
to be above yield stress for the material, 

The fringe contours observed were readily repeatable 
under subsequent attachment of the coated cover glass if 
care was taken to ensure both surfaces were clean. This 
would tend to indicate the appearance of the contours is 


not particularly sensitive to cover glass placement and 


47 





ae 


iid 












the familiar parallel fringes became evident, 

After the parallel fringes became the dominant feature, 
it was noticed they decreased in width where a small series 
of circular fringes was observed, This pattern may be 
explained by a stoppage of the crack at the position of the 
concentric circles followed by a rapid fracture that did 
not plastically deform the surrounding surface material in 
the thickness direction, 

The overall rate of propagation was not significantly 
different for these specimens than others at the same stress 
level, indicating a possible change in form of the available 
energy, but an essentially uniform energy release rate, 

Another possibility is that the majority of the plastic 
deformation shifted to the underside of the specimen which 
was not observed. Unfortunately, no method was available 
to investigate this because the under surfaces had not been 
polished before fatiguing the specimens. 

If an attempt had been made to polish the reverse sides 
of the specimens, after the crack was formed much of the 
strain detail would have been polished off. No conclusive 
statements can be made concerning the formation of concentric 
fringes because only a few specimens evidenced this phenom- 
enon, An intensive testing program might reveal more 
details, particularly if information were available on 
strains in all three dimensions. 

Crack Geometry Under Tensile Load 
The previously cracked specimen loaded in tension and 


photographed in Figure 16 indicates a radical change in the 
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fringe pattern from that of the crack fatigued in alternate 
tension and compression. Figure 10, After eleven cycles of 
load, a large circular depression was formed around the 
crack tip at 2,000 pounds load, corresponding to 10,600 psi. 
Comparison with the pattern under no load shows an almost 
identical pattern, indicating most all of the observed 
strain was permanent deformation caused by plastic strain 
during previous load cycles. Observation of the photograph 
under no load condition reveals the fringes along the crack 
tending to become more parallel to the crack, It is possible 
that this shows the mechanism whereby the depression is 
formed along a growing crack. 

When alternate tension and compression is applied toa 
specimen, it appears reasonable to assume much of the 
circular deformation at the tip of the crack is relieved, 
leaving the parallel fringes behind the crack tip relatively 
undisturbed, 

A well defined theory on this subject has been pre- 
sented by Valluri [18] wherein he explained the process of 
building up residual compressive stresses due to strain 
nardening from repeated tensile loads. Valluri stated that 
the deformation takes on the character of a hysteresis loop 
oriented on the positive side of the © — € axes where 
positive convention is tensile stress and elongation. After 
several repeated tensile loads the state of the material 
became one of local compression under no load. The hyster- 


esis loop was then partly compressive and partly tensile. 
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If the applied loads were alternating compression and 
tension in reverse bending, the loop was not formed. Re- 
sidual compressive stress after a tension cycle was almost 
completely removed by the following compressive cycle. The 
result was very little residual strain ahead of the crack, 

The fringes appeared to line up parallel to the crack 
behind the tip, possibly because the material experienced 
tension when it was applied but did not feel the compression 
until the crack was closed. This environment of more 
tension than compression might possibly lead to the state 
of strain observed after the crack had been propagated in 
symmetrical reverse bending. 

A recommended procedure might be to observe a specimen 
after each tensile load application and record the number 
of tensile cycles to produce a residual circular enclave of 
a certain dimension in an effort to determine the character- 
istics of the enclave formation. Additional data might be 
obtained by applying individual compressive cycles as well 
to observe their effect on the established enclave. 
Equipment was not available during this investigation to 
apply single compressive loads, so no further evidence 
could be presented to support this possibility. 

e Patterns 


Slip and Interferometric Fring 





One specimen with a fully developed fringe pattern was 
observed without the coated glass to examine the surface of 
the metal for eviaence of slip in the zone of plastic 
deformation, Specimen 15 was chosen because it evidenced a 


wide deformed area with the crack well towards one side. 


45 








A photograph of the metal surface is enclosed in Figure 15. 
The incrasing area of deformation is below the crack. 

Although the 30 power microscope is of much lower 
power than those used for metallurgical observations, a 
large area of oriented deformation is visible, The areas 
of massive slip are identified by bands of closely spaced 
lines at an approximate 45 degree angle from the crack 
direction. It is assumed that if the material were properly 
polished, etched, and observed under higher magnification, 
that the areas of slip would be very much more pronounced. 
Evidence of slip in the area of deformation where fringes 
are pronounced indicates a connection between the slip and 
plastic strain in the material as stated by Forsyth [1], 
Valluri [18], et al, 
Non-Propagating Fatigue Cracks 

During the fatigue testing of Specimen 6 at a rela- 
tively high stress level (29,300 psi), the reverse bending 
was stopped to make a crack length measurement. When 
reverse bending was reapplied, the amplitude was inadvert- 
ently raised to a stress level of 40,000 psi for about 100 
cycles. The stress level was immediately readjusted. When 
the next length measurement was made, the initial crack had 
stopped and a new crack had started about 13/32 behind the 
tip of the original crack, 

The reason for this phenomenon has been explained by 
Hudson and Hardrath [16] as due to residual compressive 
stresses set up by the higher stress level. When fatigue 


was reapplied at the lower level, it gradually reduced the 
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stresses set up in the vicinity of the first crack tip. 

The stresses at a point behind the crack tip were lower 

than at the tip, and would be relieved down to a stress 
level to permit growth before the tip area, The orientation 
of the two cracks was identical to [16], Figure 6. No 
Significant change in growth rate was observed after the 

new crack started, 


Photostress and the Interferometric Method 





No actual tests were made with birefringent coatings 
in conjuction with the measurement technique described, 

The photostress method outlined by Gerberich and Swedlow 
[21] is particularly adaptable to the interferometric 
method for the following reasons. Gerberich indicated the 
specimens used were polished before application of the 
birefringent coating, After the crack was propagated the 
coating and adhesive were removed in order to measure 
thickness direction strain at specified grid points with 
an optical-emechanical instrument. 

The striking advantage of the interferometric technique 
is that it presents a continuous field of thickness contours. 
Point by point measurements on a grid are not only tedious, 
but subject to considerable error due to the fact that the 
measuring instrument must be moved to view each grid point 
separately, or the specimen must be moved relative to the 
measuring instrument. The fringe method shows thickness 
contours over the entire field of view at one setting. The 
contours are simple to analyze and required calculation to 


convert directly to strains are brief, 
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The interferometric technique could be employed using 
the polished surface of the specimens described, Another 
advantage is that direct observations could be made at the 
crack tip. With accurate thickness strains available at 
the tip, the photostress isochromatics could be interpreted 
much more closely to the discontinuity, Since 

ul. ~ aie 
at the free boundary (Appendix 1), direct calculation there 


of all three strains is possible. Since with suitable 
coating thickness, strains may now be measured very close 
to the crack tip, the interferometric method data overlaps 
that obtainable by photostress methods. This fortunate 
state of affairs might well provide better information 
surrounding the crack tip. 

The interferometric method is also useable with little 
loss in accuracy at large distances from the crack tip 
where other photostress coatings give accurate readings. 
Loss in accuracy of the interferometric method far from the 
crack is due to widening of the fringes as the strain grad- 
ient becomes shallow. The precision with which fringe 
orders can be determined becomes correspondingly less since 
the exact center of a wide dark fringe with erratic edges 
is somewhat subject to interpretation of the experimenter. 
With measurements at these two extreme conditions available, 
it is suggested further work might be justified in attempting 
to join the two regions of known data with much more con- 


fidence than is now possible, 
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Initial Fringe Contours 


Throughout this discussion no mention has been made of 
the interferometric fringe contours under no load before 
fatigue loading was applied, The initial contours depend 
on the flatness of the uncracked specimen and the flatness 
of the “plane” cover glass used, The flatness of the 
specimen is dependent on the nature of its manufacture 
which might cause bending, warping, etc; and the nature of 
the polished surface, It is felt that the magnitude of 
such initial strains are small compared to the strains 
around the crack and pose no serious problem. The nature 
of this investigation was primarily qualitative so no 
attempt was made to record initial condition strains. 

It is expected that a machining burr or foreign body 
would occasionally get between the polished surface and the 
cover glass. This condition is readily observable and can 
be avoided by trying a different orientation of the cover 
glass, a thorough cleaning of the specimen with acetone, or 
other suitable solvent. In addition, the nature of the 
depression around @ crack appears to be a relative thing that 


has littie bearing on the initial uncracked contours. 





ation 





Suggested Areas for Further Investig 





(1) The initial calibration of the interferometric 
technique wight better be performed at a higher stress level 
producing the passage of more fringes past the observed 
point. 

(2) Crack geometry observation might produce more 


4nformation if a series of photographs were taken at 


HS, 








specific intervals during crack growth, 

(3) The polishing of both sides of each specimen 
before fatigue would allow observation of both sides of 
each crack for changes in depression geometry. 

(4) Observations after each tensile cycle in the 
Dillon machine might reveal the number of cycles to produce 
a depression of a given size, The application of a com- 
pressive load would allow observation of change in depression 
shape with alternate tension and compression, 

(5) A testing program combining the interferometric 
technique with the application of photoelastic coatings 
is suggested to further observe the strains around cracks 


in sheet materials, 
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CONCLUSIONS 

(1) The interferometric method of thickness direction 
strain observation seems satisfactory. No significant 
error was observed when this method was used to determine 
strains around a circular hole in an "infinite" plate and 
compared with an analytic solution, 

(2) Compatibility of the interferometric method with 
a photoelastic coating technique developed by Gerberich and 
Swedlow [21] was suggested. This optical method may pro- 
vide more thickness dimension strain data for use with the 
coating isochromatics to better describe conditions at the 
tip of a fatigue crack, 

(3) The width of the plastic strain depression through 
which the crack grew appeared to be a function of the length 
of the crack and the magnitude of the applied stress, The 
Slope of the plots of depression width versus crack length 
were linear over most of the crack length. The gradient of 
the depth of the depression appeared constant with crack 
length, 

(4) Under tensile loading the character of the contour 
lines changed to a circular shape, After a specimen had 
been cycled eleven times at a load of 2,000 pounds, there 
was little difference in the loaded and unloaded contours 
indicating the strain observed was possibly mostly perma- 
nent plastic deformation, It was suggested that the reverse 
bending tension and compression considerably reduced this 
circular shape ahead of the crack tip and caused the parallel 


fringes along the crack to become the dominant feature, 
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(5) During reverse bending at lower stress level, the 
character of the fringes was observed to be concentric 
contours spaced along the crack with little evidence of 
strain between them, It was suggested this was caused by 
stoppage of the crack causing the concentric contours 
followed by rapid fracture, Further testing in this 
direction was suggested, 

(6) Crack propagation rates for all specimens tested 
could be expressed by the relation 

V =i as * 
where V is length per cycle, K is a constant proportional 
to plate width, and O is the net stress applied to the 
specimen, For central cracks the rate was one half the 
rate for edge cracks because two cracks were growing, one 
from each edge of the initial slot. 

(7) One non-propagating fatigue crack was inadvertantly 
created which appeared identical to one presented by Hudson 
and Hardrath [16] during their investigation of specimen 
reaction to two stress levels. 

(8) One specimen with a fully developed fringe 
pattern was examined without the coated glass. Evidence 
of massive slip in the depression around the crack tip was 
indicated, conforming to results presented by Forsyth [1] 
and Valluri [18]. 
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FRINGE PATTERN AROUND A CRACK 
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DILLON TESTING MACHINE ARRANGEMENT 
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TABLE I 
CRACK FATIGUE DATA 
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125.000 
150.006 
175.000 
200,006 


0738 X .012 
central 


~15T x .012 
central 


80. 000 


0750 x .012 a 
central 


1.744 x .012 


| Failure 





76 





~730 x .008 





central 


0750 x .008 
central 


(50 x .Ol2 
edge 


~746 x .012 
edge 


TABLE I con't, 


15.85 


TT 





165 .637 
6.372 


12.791 
17,014 


189.239 
200,000 


4.100 


128.131 
160.070 


118,048 


1.328 
10,000 
20,001 





~(50 x .012 
edge 


0f53 X .012 
edge 


758 x .012 
edge 


0f(53 X .O12 
central 


TABLE I con't, 


78 


120.012 


1.500 
10.306 
20.002 

0,012 

0.000 
50.003 


1.500 
10,002 
20.004 


20.013 
25.016 








TABLE If 
CRACK PROPAGATION RATES 
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TABLE III 
STRAIN DISTRIBUTION DATA 
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TABLE IV 
CRACK DEPRESSION GEOMETRY 


PR RPP PPE Pe 
~ 


1 
1 
1 
11 
1 
Lo 
1 
l 
l 
1 
1 
l 


15 
24.4 KSI 


MONVMNRP PPR PRP PP 
Pie 





81 





TABLE V 
GEOMETRY OF CONCENTRIC FRINGE PATTERNS 
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APPENDIX 1 


DETERMINATION OF STRAINS FROM 
INTERFEROMETRIC FRINGE PATTERNS 


1, For the Elastic Range [24] 
eT 
€, ms (%-YS,) 


Ott, = = (E,+€, ) 
€2=+(0Q-VT) 


qe, act 
é, a (G + &) J ae / 2) 
At a da = 
t_a free boundary O,=0 
6=G 
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€,=-¥6, €,=€,=-vé, 

= =~ G 
€3 =o 


2. For the Plastic Range 
E,+€, +€3 =O €& = - (€,+6, ) 
At a free boundary 
a ee 
3, Relation of €3 to Interference Lines 


nA 


les = ut Cos @25,2627] Cos@oaz| 
2 at 
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APPENDIX 2 
REVERSE BENDING CALCULATIONS 


For es vibration of a beam of constant cross section, 
Er + ~ — Purwso 


let a = Fw/EL 

Lhen diw_ 
dx" 
eee 

WW = Acosh XK + Bsinh BX + C cospx + Dsin AX 


CG wWw=0 chavacteristic equation 


For a cantilever beam of length 1 clamped at x =O, 
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Sinh Qf 63.959724 S 7a a? -—,9995O 


Cos af -,03170 


Ww" = A (cosh pt +cospt) Af B(sivh ok + Siw pe? ) =O 


Cosh re 53,.9768535 


a = —/Sivh pl + Sim gh = = Suto fare GIS S 
Cosh pk +cos ak 53.93683 a 
W 


A | cosh BX - COSRX —,98ITE (Siuh AX — 9m ex) 
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for W naa W =O 


W' =. 3/2054 [Sth gx + Su ax = 9 E188 (Cosh ax - cos px)| =o 


sinh (ax + Sth Bx 

—_ 95/E% for ee 
CoSh BX - COS AX 
let QX = 2361 = 135-76! BI " 
Sih @x = 5257350 Cosh RX = HIVICO 
Stun px = +498610 GOR BX =77/GOO 
78160 = 92/53 
6.06 360 


Trees - 2,36! 7 = CGre 
(31205 max (ef J 


$83 = Gaya 
ee, a z 
M=EIW Gc=My = EyYw 

a. 


© =(10.6)603/25) 10°W = 23,125K07W> 


We = AG0473)) Cosh 2,3el GOS 2,96/- 178153 (Suh 2,3) + Sm 2,36!) 
¢ = SIO 48 A ps? 


let A > Amplitude jn mehes 
Y = 37,033 pst per inch deflect) ou 


XN AHA A 


“ = 24274 psi 
~ = 19,516 psi 
= = 15,E6 Ops: 
& = 14, 637 ps 
: = 9,75 Spsi 
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Strain gage calibration of bending calculations 
For 1/4 inch amplitude 
Meter output =1.90 mV(rms) =2,68mV Peak 


Meter sensitivity— 3 mV 
" ros0 "Ln 


Strain = (2,68) (1000/3) 995 n°/1 
Stress =E€=(995)(10.6) 9480 psi 
Stress calculated = 9758 psi 


® difference = 2 (100) = 2,85% 
5 


For 3/8 inch amplitude 
Meter output=2,85 mV(rms) = 4,03 mV Peak 


Meter sensitivity= 
Sone Ut 


we 
Strain = (4,03) +1090! = L341 ee" / 


Stress = (10.6) (1341) =14,100 psi 
Stress calculated 214,637 psi 
@ difference =( 100) = 3.67% 
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APPENDIX 3 


DEVELOPMENT OF STRESS DISTRIBUTION 
AROUND A CIRCULAR HOLE IN A THIN INFINITE PLATE 





\ 

ZF =0 e a 

GA- SCosOAWse =O 
Ve = Scos’@ = 3 (1+ C0820) 
2 Fe =O 
Teoh -SSueAcos@ =O Tre =- % 320 

4 
FART lez ve "a RT ie 
- 
- 3 a Gy = Cos 20 
yy ale Tro = 7 } Sn26 
x >Cos2e 
—>. Sit é 
Z 
— af (=6.. TOA & 
i 3 
wtp = te , 243 1 a? rob, bo. 
es r drs reat ty 3a, ° 
_ ee 
V6 —- © —_ - ae Co = a 


let ss Al otde ik = et ge = ede = - ede 
ee. a . ; 
ae “s-le x Je Z st) xg af 


Sst* st 
3 yp LE 2 a 
bed, rah = D(@) rtd = O(d-)P, * +2 = 0(0 IXD-2)P 
vigte = rag, + 2V sag | Pee rede O 


a>. 
Z Dare 

= ji) te fp 

ar 2D 


se, 2. 7) eee , Sp 4 4 PS 
[d¥-4os+4d*]P=o ther 24-4 422 + aise 
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y= 


i 
let g=er" (mt ywF+due) e*s © ea 
P= Acr*+ Bt et i ce?® 


+ ot e*® 
| et lu r=t 


p= At Blu a terete Ddrilu oO 
) 2 


are 
c. = ad 20+D(2lur+!) Ga = “a+ 2¢+Dlur+2) 
Tre =o 
- = = - Ou 
Foe DEFLECTIONS = (S 4 Fe) = Qa 


= rc 
Eo= ~ (So-“ Sr) = 4 th o ei 2ibta) Tre = = ty rat - 


= 3) Ce 2 (Im) Dluv +Ci-3.u4)D , ie) 


= Bo tn) + Wel 3+) + 20 (IH) = Cr lis) , £¢ 
ey eo re Er ccome Jie re +i@ 
- tu = Ss — ui le aT = VO - Uy - 


m als IF 


Cc 


v 


sl- 


a 
= 


ab 
oF 


-= , o ai ¢ Des + epdi-w) =) lav a 20 (1 =) + Cite) 


re & 
a > (i Zu) + zp y =u) — 20 (iu) far “£00 -z¢ U4) 
Sa 


= _+@ _ 
ae 2 - 42 4 = Abr Fe) 
rm 18 { Redo + fier) 
‘eo ZO, Po L afte) + 4DO+9600 4b +4 (Fede - LO z0 


t a) eae + [F@lse/ + +]9 — Be 60] x6 


20TH BRACKETS HUST =O 


Se 





Bee. > F100) = dy 


£10C) 
fir) =Pyettre , Fe) = Far) 


ep a (Xe - HS3wO@+KCOSS 





40r0 4 Fir) +HGos@t+K SINO 
e 


foy & tobe smgle valued, Di='O 


oe 


Ba 
B+ Tg = -S,4+ 2c 
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Lou noARry Cow browns Cel. - f; Og a = -Po 
Cc, = ‘ + 2c = -P,' QB+2¢e0% +p, o* +0 
Or, = S+20=-po och +h b ae 
bt 2G +2eG%+bt) tp,a*+Pyb* = © 
(A=Q ck (% "= Roe ) - Fiat 2¢(&-b*) +P,0 2tpb” =o 
Gbe= a”) LC= i. b*~ Pa” 
B = cht) - RO geet oo 
(b*-a%) 
O-= Pt On 2h*e(%- Ps), Pat - Fob? but Pp, =O 
ree Le at 
Oy - 2 LF % « eh “-—-2 aZb¢ += bt 
Geb) (yea?) Z iret) = 2 (b*-e>) 
Vy = -+. ofb *CPo- Fr) Rat-Rbh? 
¥ (bt-a2) (b?- 2) 
\ % z 
G = 2 —3 \I-4F, let b— Tye = S/S] 
os = | " { ' a "t =) re 
~ 2 e 
Ge = Shir S | Tre 2° 
Fart IL 
*p= 24233 : Lad_z ae .4 yo,lre- 
VP SCH eye ag. t yz ng +2 » oe yt 4 t etd tes 
2 
Assume eA aa USING: Set one + &E. 
ir (¢ | 
cos2e| = gt Be ore ED - BE “iH 3 80-wea-tgeche 
steer) 4 2 3246) _ q fl) , 4 4M 2 
dvi ayes rh Ore * 7a Or 
let r2e* 
Nf) » dCd-!)(b-2)(D-8) 


t Bie = p(b-1) C0- -2) 
"Y" 

t 2 a = p¢p-!) 
«ake = pb 
ar 


bf “ib -2X-3) Fer) +2pCd-1) Cb-2) $er) -F DO-I) fw) + 7TDFer) =o 
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: i : 


| a ee 
7 as * 
= é 
‘ © 


eoinme® — few ion Oem oe rik’ ed) 4 oh 





Which reduces to [o*-4d5-4pe4 16D /£¢c) = 


let feet 2. then Vf@)_ 43*tr) _ 4 SFG) J{M = 
D = MI at yee a ~ 


ta (me M4 me yy 7/6) =O 
F¢r) = hett, Belt doce **, O 
rze® £6) = Aytt Brt+s, +D 


P= CoS 20) Art+ Br" +¢ +Dt , + SF =cosze Fear ier’ 26,7 
1 xe 


m4 —Ym-4 m+ /ou =O 


mM=0, 2,-2) 7 


a 
2 ae eal +46, +p 7 
Z — C 
Se = 190+ 1 Ue, cos 2024 #48, +12 ( 
- xd = Fe aes ot 


_ ‘Lo D 
= aaa tye = 25u26 (A 43Rt* “8-7 | 


. BY CONDITIONS 


a = 
Cr} Dee Ire eo 
Q = Te es : 
iS bora nae = Cod 2O rol.) = 2 S426 
i!) 2A + 6EN4 4b = 2 : 
moe Z| 2A+GCe4R =-% 
3) 2A+ bBo -6CO-2Ds5 4 tis pees 
eS t| 244686 69-2) =-3 
ask», A>-8 


as boo,“ 5 +6807 spa “2,6 Bbee 1, (B= O| from 
EF +d =F or bc siyat « 80" From JJ 


es -£2 = = ot -60-2005 =Sa From %| 
Qa a se ee 





ale 
a -Seerz@) 3 +2 > e,, | 





Suletenupos Ge faeT © ano FaeT IL 


Ser, 565 S f Zz 
S\)-%& Ss 
> ~ (+ 2 [i+ 3 - 125 {cos 2e 





aes 2 
=) | ates ss 4 
Z | = | a |! + 14 [cos te 








oe 20 C7 Gol = S(1- 200s 26 ) 


So |-o, = me CoC!) = 3S So} co Se 
2 Orzo 





C+ the hole permite y, He on ly Ta Ge, The clastie stran 
i te t(Sf-v(erSe) | 7 -# Ve = Se Ga -2/4xK/0 *Ts 





JOSKIOE 
For cA = /0750 pr! €3 =(-. SIV YO 9S0)/0 = —~39e un 
One fringe App. + | for 1095083, 
~~), ne = 
For plate with b=4, 0.067, F FI08xI0 , Ty =/9.750 


Area = (4, 0b0- ob? ose 5) = ,2VvY4¥SS” 
F=CA=(00,950)G 2455) = 2685 (bs, 


Loan KEQUIEES 70 PRODUCE ONE FRINGE 1/5 2685 (bs, 
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APPENDIX 4 


EVALUATION OF CONSTANT K FOR PROPAGATION 
RATE EXPRESSIONS OF FIGURES 6 AND 7 


For the central slot: 
Ss 
VA OAKS 
oJ 
at S=/Oxnsr V=.0r6 a"/see 
a -J 
K.= Veyes = ae =.00/6 1" see 


KSZ Ss 
For the edge slot: 


S 
Ve = Ke G 
at Ce lO KSI V= 034 Wee, 


Ke =.0034 m-Yeee 
Sr 


Je 
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